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CRITICAL EARTHQUAKE RESPONSE OF ELASTIC-PLASTIC STRUCTURES WITH  
NONLINEAR VISCOUS DAMPING UNDER DOUBLE IMPULSE AS SUBSTITUTE FOR  
NEAR-FAULT GROUND MOTION 
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The double impulse is introduced as a substitute for the fling-step near-fault ground motion and a closed-form expression is derived for the 
elastic-plastic response of a structure with nonlinear viscous damping under the ‘critical double impulse’. It is shown that, since only the free 
vibration appears under such double impulse, the energy approach enables the derivation of the closed-form expression of a complicated 
elastic-plastic response with nonlinear damping. The quadratic or elliptical-function approximation for the damping force-deformation 
relationship is introduced. The validity and accuracy of the theory are investigated by using the response analysis to the corresponding 
one-cycle sinusoidal input. 
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Fig.1 Modeling of near-fault ground motion:(a) Fling-step input and 
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Fig.1 Modeling of near-fault ground motion:(a) Fling-step input and 
double impulse,(b) Forward-directivity input and triple impulse10-14) 
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  (c) 0.15h   , / 1.5DR yV V        (d) 0.30h   , / 1.5DR yV V   
Fig.3 Critical timing of elastic-plastic SDOF model with nonlinear 
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Fig.2 Elastic-plastic SDOF model with nonlinear viscous damper
(c) Damping force-
velocity relation
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(a) CASE R1        (b) CASE R2        (c) CASE R3 
Fig.4 Restoring force-deformation relation 
(2nd impulse timing: Restoring force is zero) 
 
(a) CASE D1              (b) CASE D2 
 
(c) CASE D3a      (d) CASE D3b         (e) CASE D3c 
Fig.5 Damping force-deformation relation 
(2nd impulse timing: Restoring force is zero)  
 (a) 3rd quadrant              (b) 1st quadrant 
Fig.6 Quadratic function approximation of damping 
force-deformation relation   
 
(a) CASE D3b              (b) CASE D3c 
Fig.7 Elliptical approximation of damping force-deformation 
relation  
 ୍᪉ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ᪤࡟࣮ࣜࣜࣇⲴ㔜 
࡟㐩ࡋ࡚࠸ࡿሙྜ(CASE D3b,D3c)ࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㠀⥺ᙧ㒊ศ
ࢆ༢⣧࡞㛵ᩘ࡛㏆ఝࡍࡿᚲせࡀ࠶ࡿࠋࡇࡇ࡛ࡣࠊⅬ max1( ,0)u ࡜ࣜ
࣮ࣜࣇᶵᵓࡀ࡞࠸࡜௬ᐃࡋࡓሙྜ࡟ῶ⾶ຊࡀ᭱኱࡜࡞ࡿⅬ
( ' , ' )m mu cv ࡢ㸰Ⅼࢆ㡬Ⅼ࡜ࡍࡿᴃ෇࡛㏆ఝࡍࡿࡇ࡜࡟ࡼࡾࠊ᚟ඖຊ
0࡟࠾ࡅࡿ㏿ᗘ cv ࡢ㛢ᙧ⾲⌧ࢆᑟฟࡍࡿ(Fig.7)ࠋ 
࣮ࣜࣜࣇᶵᵓࡀ࡞࠸࡜௬ᐃࡋࡓሙྜࡢῶ⾶ຊኚ఩㛵ಀ࡟࠾࠸࡚ࠊ





(0) , (0) 0 , ( ' ) ' , ( ' ) ' , ( ' ) 0m m m m m
mu cu ku
u u u u t u u t v u t
   ­®        ¯
(13)




























































































CASE࡟࠾ࡅࡿ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡢᑟฟ㐣⛬࡟࠾࠸
࡚ࠊ cV V vo  ࠊ max1 max2 1pu u uo  ࡜⨨ࡁ᥮࠼ࡿࡇ࡜࡟ࡼࡗ࡚ᚓࡽࢀ
ࡿࠋᚑࡗ࡚ࠊᮏ⠇࡛ࡣ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ཬࡧ᚟ඖຊ
0 ࡟࠾ࡅࡿ㏿ᗘ cv ࡢᑟฟ᪉ἲࢆ♧ࡍࠋࡓࡔࡋࠊ cv ࡣ᚟ඖຊ 0 ࡟࠾ࡅ
ࡿ㏿ᗘࠊ 1 max1( 1)pu u  ࡣ➨ 1 ࢖ࣥࣃࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞࡛࠶ࡾࠊ
๓㏙ࡢ㏻ࡾࠊୖ௜ࡁࣂ࣮ࡣ↓ḟඖ㔞ࢆ⾲ࡍࠋ 
4.3.1 CASE R1 , R2 ࠿ࡘ CASE D3a , D3b , D3cࡢሙྜ 
ࡇࢀࡣࠊ➨ 1࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max1u ࢆ㏄࠼ࡿࡲ
࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊࡀ⥺ᙧࠊῶ⾶ຊࡀ㠀⥺ᙧ࡛࠶ࡾࠊ➨㸯࢖ࣥࣃࣝ
ࢫ࡟ࡼࡿረᛶኚᙧ㔞 1 0pu  ࡢሙྜ࡛࠶ࡿࠋ4.3.2 ⠇࡛♧ࡍࡼ࠺࡟ࠊ
ῶ⾶ຊࡀ⥺ᙧࡢሙྜ(CASE D1,D2)ࡣࡇࢀࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜ
ࡍࡿࡓࡵࠊࡇࡇ࡛ࡣඛ࡟ῶ⾶ࡀ㠀⥺ᙧࡢሙྜ࡟ࡘ࠸࡚⪃࠼ࡿࠋ 
ࡣࡌࡵ࡟ࠊ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࢆᑟฟࡍࡿࠋ 
➨㸯࢖ࣥࣃࣝࢫᚋ࡟ῶ⾶ຊࡀึࡵ࡚࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿ᫬ࡢኚ
఩ࢆ 1DRu ࡜ࡍࡿࠋ 1DRu ࡣࠊⅬ (0, )DRcV -Ⅼ 1( , )DR DRu cV  㛫ࡢ࢚ࢿࣝ
ࢠ࣮ᖹ⾮๎࡟ࡼࡾḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
 2 2 2 1 10.5 0.5 0.5DR DR DR DRmV mV ku cV u    (4) 
 2 221 (4 1) 2DR DR DRu h V V hV      (5) 
ࡲࡓࠊῶ⾶ຊ-ኚ఩㛵ಀ࡟࠾ࡅࡿⅬ 1( , )DR DRu cV  -Ⅼ max1( ,0)u 㛫ࢆࠊ
Ⅼ max1( ,0)u ࢆ㡬Ⅼ࡜ࡋ࡚Ⅼ 1( , )DR DRu cV  ࢆ㏻ࡿ 2 ḟ㛵ᩘ࡛㏆ఝࡍ
ࡿ (Fig.6(a))ࠋࡇࡢ㏆ఝ࡟ࡼࡾࠊࡇࡢ༊㛫࡟࠾ࡅࡿῶ⾶ຊ Df ࡣኚ఩
uࡢ㛵ᩘ࡜ࡋ࡚ḟᘧ࡛⾲ࡉࢀࡿࠋ 






( ) (2 ) / 3DR
DR
u u
D DR D DR DRu
E cV du f du cV u u
 

    ³ ³  (7) 
ࡇࢀࢆ⏝࠸ࡿ࡜ࠊⅬ (0, )DRcV -Ⅼ max1( ,0)u 㛫ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮๎
ࡼࡾࠊ max1u ࡣḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
 2 2max1 10.5 0.5 DmV ku E    (8) 
 2 22max1 1(16 / 9) (4 / 3) (4 / 3)DR DR DR DRu h V hV u V hV      (9) 
ࡇࢀ࡟ࠊᘧ(5)ࢆ௦ධࡍࡿࡇ࡜࡛ḟᘧࡀᚓࡽࢀࡿࠋࡲࡓࠊTable 1ཬ
ࡧ Table 2࡟㛢ᙧゎࢆࡲ࡜ࡵ࡚⾲グࡍࡿ㒔ྜୖࠊࡇࡢ࡜ࡁࡢ max1u ࢆ
ධຊ㏿ᗘࣞ࣋ࣝ V ࡢ㛵ᩘ࡜ࡋ࡚  (2)maxu V ࡜࠾ࡃࠋ 
   (2) 2 2 2 22 2max max1 40 4 44 19 3 3DR DR DR DRu V u h V hV h V V V hV{       (10) 
௨㝆ࡶࠊ㛢ᙧゎࢆᑟฟࡋࡓ㝿࡟ࡣྠᵝࡢ⨨ࡁ᥮࠼ࢆ⾜࠺ࡇ࡜࡜ࡍࡿࠋ 
ḟ࡟ࠊ᚟ඖຊ 0ࡢ᫬Ⅼࡢ㏿ᗘ cv ࢆᑟฟࡍࡿࠋ 
➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜࡟㐩ࡋ࡞࠸ሙ





(0) , (0) 0 , ( ) 0 , ( )c c c
mu cu ku
u u u u t u t v
   ­®      ¯
 (11) 
  ^ `(2) 2 2max1 exp / 1 0.5 arctan( / 1 )c cv v u h h h hS {       (12) 
 
(a) CASE R1        (b) CASE R2        (c) CASE R3 
Fig.4 Restoring force-deformation relation 
(2nd impulse timing: Restoring force is zero) 
 
(a) CASE D1              (b) CASE D2 
 
(c) CASE D3a      (d) CASE D3b         (e) CASE D3c 
Fig.5 Damping force-deformation relation 
(2nd impulse timing: Restoring force is zero)  
 (a) 3rd quadrant              (b) 1st quadrant 
Fig.6 Quadratic function approximation of damping 
force-deformation relation   
 
(a) CASE D3b              (b) CASE D3c 
Fig.7 Elliptical approximation of damping force-deformation 
relation  
 ୍᪉ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ᪤࡟࣮ࣜࣜࣇⲴ㔜 
࡟㐩ࡋ࡚࠸ࡿሙྜ(CASE D3b,D3c)ࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㠀⥺ᙧ㒊ศ
ࢆ༢⣧࡞㛵ᩘ࡛㏆ఝࡍࡿᚲせࡀ࠶ࡿࠋࡇࡇ࡛ࡣࠊⅬ max1( ,0)u ࡜ࣜ
࣮ࣜࣇᶵᵓࡀ࡞࠸࡜௬ᐃࡋࡓሙྜ࡟ῶ⾶ຊࡀ᭱኱࡜࡞ࡿⅬ
( ' , ' )m mu cv ࡢ㸰Ⅼࢆ㡬Ⅼ࡜ࡍࡿᴃ෇࡛㏆ఝࡍࡿࡇ࡜࡟ࡼࡾࠊ᚟ඖຊ
0࡟࠾ࡅࡿ㏿ᗘ cv ࡢ㛢ᙧ⾲⌧ࢆᑟฟࡍࡿ(Fig.7)ࠋ 
࣮ࣜࣜࣇᶵᵓࡀ࡞࠸࡜௬ᐃࡋࡓሙྜࡢῶ⾶ຊኚ఩㛵ಀ࡟࠾࠸࡚ࠊ





(0) , (0) 0 , ( ' ) ' , ( ' ) ' , ( ' ) 0m m m m m
mu cu ku
u u u u t u u t v u t
   ­®        ¯
(13)


























































































  ^ `2 2exp / 1 0.5 arctan( / 1 )ma h h h hS      (15) 
ࡇࢀࢆ⏝࠸ࡿ࡜ࠊⅬ max1( ,0)u ࡜Ⅼ ( ' , ' )m mu cv ࢆ㡬Ⅼ࡜ࡍࡿᴃ෇ࡢ
᪉⛬ᘧࡣࠊ 0Df t ࡢ⠊ᅖ࡛ࡣḟᘧ࡛୚࠼ࡽࢀࡿࠋ
    ^ `2max1' 1 ' / 'D m m mf cv u u u u     (16) 








' ' ' 1 / '
2 1 2 /
DRDR m m m
DRm m m
u u u u V v
ha u ha u V a
   
   
 (17) 
Ⅼ 1( ' , )DR DRu cV ࠿ࡽ᚟ඖຊ 0 ࡢⅬࡢ㛫ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮๎ࡼࡾࠊ
cv ࡢ㛢ᙧ⾲⌧ࢆồࡵࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡇࡇ࡛ࠊCASE D3b࡛ࡣ᚟ඖ
ຊ 0 ࡟㐩ࡍࡿ๓࡟ῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿ⌧㇟ࡀ⏕ࡌࡿࡀࠊ
ࡇࡇ࡛ࡣࡑࡢࡼ࠺࡞ῶ⾶ຊపୗࢆ↓どࡋࠊⅬ 1( ' , )DR DRu cV ࠿ࡽ᚟ඖ
ຊ 0ࡢⅬࡢ㛫ࡢῶ⾶ຊࡣ࣮ࣜࣜࣇⲴ㔜୍࡛ᐃ࡛࠶ࡿ࡜㏆ఝࡍࡿࠋࡇ
ࡢࡼ࠺࡞㏆ఝࢆ⾜࠺࡜ࠊCASE D3b , D3c࡟ᑐࡋ࡚ cv ࡣḟᘧࡢࡼ࠺
࡟ᚓࡽࢀࡿࠋ
 2 2 21 10.5 0.5 ' 0.5 'DR DR c DR DRmV ku mv cV u    (18) 
 2 2 1 1' 4 'c DR DRDR DRv V u hV u     (19) 
ࡇࢀ࡟ᘧ(17)ࢆ௦ධࡍࡿࡇ࡜࡟ࡼࡾࠊ cv ࡣḟᘧ࡜࡞ࡿࠋ
     
   `





2 1 2 /
8 4 1 2 /
c c DR DRm m m
DR DR DRm m m m
v v V ha u ha u V a
h a V u h ha a u V u V a
­{     ®¯
    
(20) 
4.3.2 CASE R1 , R2 ࠿ࡘ CASE D1 , D2ࡢሙྜ 
ࡇࢀࡣࠊ➨ 1࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max1u ࢆ㏄࠼ࡿࡲ
࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊ࡜ῶ⾶ຊࡀ࡜ࡶ࡟⥺ᙧࡢሙྜ࡛࠶ࡾࠊ4.3.1⠇ࢆ
⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࠋ 
CASE D3a,D3b,D3c ࡟࠾ࡅࡿ➨ 1 ࢖ࣥࣃࣝࢫస⏝┤ᚋࡢῶ⾶ຊ
ࡀ D DRf cV ࡛࠶ࡿࡢ࡟ᑐࡋࠊCASE D1,D2࡟࠾ࡅࡿ➨ 1࢖ࣥࣃࣝ
ࢫస⏝┤ᚋࡢῶ⾶ຊࡣ Df cV ࡜⾲ࡉࢀࡿࠋᚑࡗ࡚ࠊ➨ 1 ࢖ࣥࣃࣝ
ࢫᚋࡢ᭱኱ኚ఩ max1u ࡣᘧ(10)࡟࠾࠸࡚ DRV Vo ࡜ࡍࡿࡇ࡜࡛ḟࡢ
ࡼ࠺࡟ᚓࡽࢀࡿࠋ 
   ^ `(1) 2max max1 (16 / 9) 1 (4 / 3)u V u V h h{     (21) 
ࡲࡓࠊ cv ࡟ࡘ࠸࡚ࡣ㏆ఝࢆ⏝࠸ࡿࡇ࡜࡞ࡃᚤศ᪉⛬ᘧࢆゎࡃࡇ࡜
࡛ḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
 0(0) 0 , (0) , ( ) 0 , ( )c c c
mu cu ku
u u V u t u t v
   ­®      ¯
 (22)
 (1) 2exp( / 1 )c cv v V h hS {     (23) 
4.3.3 CASE R3࠿ࡘ CASE D3a , D3b , D3cࡢሙྜ 
ࡇࢀࡣࠊ➨ 1࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max1u ࢆ㏄࠼ࡿࡲ
࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊ࡜ῶ⾶ຊࡀ࡜ࡶ࡟㠀⥺ᙧ࡛࠶ࡾࠊ➨ 1࢖ࣥࣃࣝ







Ⲵ㔜ࢆୗᅇࡿሙྜ 1( )DR yu d ࠊ 1DRu ࡣᘧ(5)࡛⾲ࡉࢀࡿࠋ୍᪉ࠊῶ⾶
ຊࡀ࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿࡼࡾࡶඛ࡟㝆అࡀ㉳ࡁࡿሙྜ 1( )y DRd u ࠊ
1DRu ࡣ࢚ࢿࣝࢠ࣮ᖹ⾮๎࡟ࡼࡾḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
  2 2 2 1 10.5 0.5 0.5DR y y DR y DR DRmV mV kd kd u d cV u      (24) 
    2 21 0.5 1 / 1 2DR DR DRu V V hV      (25) 
ᘧ(5)࡜ᘧ(25)ࡢቃ⏺ࡣ 1DR yu d ࡜ࡍࡿࡇ࡜࡟ࡼࡾḟᘧ࡛⾲ࡉࢀࡿࠋ 
 21 1 4b DR DRV V hV V{     (26) 
➨ 1࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩࡟㐩ࡍࡿࡲ࡛࡟ῶ⾶ຊࡀ
࡞ࡍ௙஦ࡣᘧ(7)࡜ྠࡌ࡛࠶ࡿࠋᚑࡗ࡚ࠊⅬ (0, )DRcV -Ⅼ max1( ,0)u 㛫
ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮ᘧࡼࡾࠊ max1u ࡣḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
  2 2 max1 10.5 0.5 y y y DmV kd kd u d E     (27) 





     
(4)
max max1




3 3 8 2 (4 1) ( )
3 42 3 4
1 ( )








V h V hV h V V V V
hVhV
V hV V V
hV hV hV
{
­      ° °° ®
°   °   °¯
 (29) 
ࡲࡓࠊ cv ࡟ࡘ࠸࡚ࡣࠊᘧ(12)ཬࡧᘧ(20)࡟࠾࠸࡚ max1 1u  ࡜ࡍࡿࡇ
࡜࡟ࡼࡾᚓࡽࢀࡿࠋ࡞ࡐ࡞ࡽࡤࠊCASE R1,R2 ࡛ࡣⅬ max1( ,0)u ࠿
ࡽ᚟ඖຊ 0ࡢⅬࡲ࡛ࡢ㊥㞳ࡀ max1u ࡛࠶ࡿࡢ࡟ᑐࡋࠊCASE R3࡛ࡣ
ࡑࡢ㊥㞳ࡀ yd ࡜࡞ࡿ࠿ࡽ࡛࠶ࡿࠋᚑࡗ࡚ࠊ cv ࡣḟࡢࡼ࠺࡟ᚓࡽࢀ
ࡿࠋ 
㸦CASE D3aࡢሙྜ㸧 
   ^ `(4) 2 2exp / 1 0.5 arctan( / 1 )c cv v h h h hS{       (30)
㸦CASE D3b , D3cࡢሙྜ㸧 

     ^
   `
(5) 2 22 2 2
1/2
22 2
2 1 2 1 /
8 4 1 2 1 /
c c DR DRm m m
DR DR DRm m m m
v v V ha ha V a
h a V h ha a V V a
{     
    
 (31) 
4.3.4 CASE R3࠿ࡘ CASE D1 , D2ࡢሙྜ 
ࡇࢀࡣࠊ➨ 1࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max1u ࢆ㏄࠼ࡿࡲ
࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊࡀ㠀⥺ᙧࠊῶ⾶ຊࡀ⥺ᙧࡢሙྜ࡛࠶ࡾࠊ4.3.3
⠇ࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࠋ 
ࡇࡢ࡜ࡁࠊ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡣࠊ4.3.2⠇࡜ྠᵝ
࡟ࠊᘧ(29)ࡢ➨ 1ᘧ࡟࠾࠸࡚ DRV Vo ࡜ࡍࡿࡇ࡜࡛ᚓࡽࢀࡿࠋ 
      (3) 2max max1 1.5 1 / 3 4u V u V hV{     (32) 
ࡲࡓࠊⅬ max1( ,0)u ࠿ࡽ᚟ඖຊ 0 ࡢⅬࡲ࡛ࡢ㊥㞳ࡣ yd ࡛⾲ࡉࢀࡿ




Table 1࡟ྛ CASE࡟ᑐࡋ࡚ max1 max2, ,cu v u ࢆࡲ࡜ࡵ࡚♧ࡍࠋ᚟ඖ
ຊ≉ᛶ࡟ࡘ࠸࡚ࠊCASE R1࡜CASE R2ࡢቃ⏺ࡣ max2 1u  ࠊCASE R2
࡜ CASE R3ࡢቃ⏺ࡣ max1 1u  ࡛࠶ࡿ୍ࠋ ᪉ࠊῶ⾶ຊ≉ᛶ࡟ࡘ࠸࡚ࡣࠊ
CASE D1࡜CASE D2ࡢቃ⏺ࡣ c DRV v V  ࠊCASE D2࡜CASE D3a
ࡢቃ⏺ࡣ DRV V ࠊCASE D3a࡜ CASE D3bࡢቃ⏺ࡣ ' DRmv V ࡛࠶
ࡿࠋࡲࡓࠊ๓㏙ࡢῶ⾶ຊኚ఩㛵ಀࡢ┤⥺㏆ఝ࡟ࡼࡾࠊCASE D3b
ࡣ CASE D3c࡜ྠ➼ࡢ CASE࡜ࡋ࡚ᢅࢃࢀࡿࠋ
4.4 㛢ᙧゎ㸦㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ ࢖ࣥࣃࣝࢫࡀస⏝㸧 
ḟ࡟ࠊ㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿሙྜ࡟
ࡘ࠸࡚᭱኱ኚ఩ࡢ㛢ᙧ⾲⌧ࢆᑟฟࡍࡿࠋࡇࡢ࡜ࡁࠊCASE D3 ࡣࠊ




➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿሙྜࠊ4.3⠇࡛♧ࡋࡓ CASE D3bࡣ⏕ࡌ
࡞࠸ࠋᚑࡗ࡚ࠊ᝿ᐃࡍࡿ CASEࡣィ 12࡜࡞ࡿࠋ 
ྛ CASEࡢ᚟ඖຊ-ኚ఩㛵ಀࢆ Fig.8࡟ࠊῶ⾶ຊ-ኚ఩㛵ಀࢆ Fig.9
࡟♧ࡍࠋ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡣ 4.3⠇࡟࡚ᑟฟ῭ࡳ࡛
࠶ࡿࠋࡋ࠿ࡋࠊ㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿ
ሙྜࠊ4.3⠇ࡢࡼ࠺࡟➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡜ࡢ㢮ఝᛶ
ࢆ฼⏝ࡋ࡚➨ 2 ࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࢆồࡵࡿࡇ࡜ࡣ࡛ࡁ
࡞࠸ࠋᚑࡗ࡚ࠊᮏ⠇࡛ࡣ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࠊཬࡧ
➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡢᑟฟ᪉ἲࢆ♧ࡍࠋ 
4.4.1 CASE R1 ࠿ࡘ CASE D2 , D3a, D3cࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊࡀ⥺ᙧࠊῶ⾶ຊࡀ㠀⥺ᙧ࡛࠶ࡾࠊ➨㸯࢖ࣥࣃ
ࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞 1 0pu  ࡢሙྜ࡛࠶ࡿࠋῶ⾶ຊࡀ⥺ᙧࡢሙྜ
(CASE D1)ࡣࡇࢀࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࡓࡵࠊࡇࡇ࡛ࡣඛ࡟
ῶ⾶ࡀ㠀⥺ᙧࡢሙྜ࡟ࡘ࠸࡚⪃࠼ࡿࠋ 




 0(0) 0 , (0) , ( ) , ( ) , ( ) 0m m m m m
mu cu ku
u u V u t u u t v u t
   ­®        ¯
 (33)
 (1) 2m2 ,m m m mu hv v v a V  {   (34) 
ࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜௨ୗࡢ 






(0) , (0) 0 , ( ) , ( ) , ( ) 0m m m m m
mu cu ku
u u u u t u u t v u t
   ­®        ¯
 (35)
 (2)m max12 ,m m m mu hv v v a u  {   (36) 
୍᪉ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ᪤࡟࣮ࣜࣜࣇⲴ㔜࡟
㐩ࡋ࡚࠸ࡿሙྜ(CASE D3c)ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv
ࡣࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㠀⥺ᙧ㒊ศࢆ 4.3⠇࡜ྠᵝ࡟ᴃ෇࡛㏆ఝࡍࡿ
ࡇ࡜࡟ࡼࡾ㏆ఝⓗ࡟ᚓࡽࢀࡿࠋᴃ෇࡜┤⥺ D DRf cV ࡢ஺Ⅼࡢ uᗙᶆ





(0) ' , (0) , ( ) , ( ) , ( ) 0
DR
DR DR m m m m m
mu cV ku
u u u V u t u u t v u t
   ­®        ¯
(37) 
  2 212 , ' 2m DR m DR DRDRu hV v u hV V      (38)
ࡇࢀ࡟ᘧ(17)ࢆ௦ධࡍࡿ࡜ḟᘧࡀᚓࡽࢀࡿࠋ 
    ^ `2(3) 2 2 22max1 max12 1 2 /m m DR DR DRm m mv v h a u V ha u V a V{         (39)
ḟ࡟ࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࢆᑟฟࡍࡿࠋ 
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(a) CASE R1        (b) CASE R2        (c) CASE R3 
Fig.8 Restoring force-deformation relation 














(a) CASE D1              (b) CASE D2 









(c) CASE D3a              (d) CASE D3c 
Fig.9 Damping force-deformation relation 
(2nd impulse timing: Velocity is maximum)㻌



















max1u   (1)maxu V   (2)maxu V 
cv  (1)cv  (2)cv  (3)cv 




max1u   (1)maxu V   (2)maxu V 
cv  (1)cv  (2)cv  (3)cv 




max1u   (3)maxu V   (4)maxu V 
cv  (4)cv  (5)cv 





Table 1࡟ྛ CASE࡟ᑐࡋ࡚ max1 max2, ,cu v u ࢆࡲ࡜ࡵ࡚♧ࡍࠋ᚟ඖ
ຊ≉ᛶ࡟ࡘ࠸࡚ࠊCASE R1࡜CASE R2ࡢቃ⏺ࡣ max2 1u  ࠊCASE R2
࡜ CASE R3ࡢቃ⏺ࡣ max1 1u  ࡛࠶ࡿ୍ࠋ ᪉ࠊῶ⾶ຊ≉ᛶ࡟ࡘ࠸࡚ࡣࠊ
CASE D1࡜CASE D2ࡢቃ⏺ࡣ c DRV v V  ࠊCASE D2࡜CASE D3a
ࡢቃ⏺ࡣ DRV V ࠊCASE D3a࡜ CASE D3bࡢቃ⏺ࡣ ' DRmv V ࡛࠶
ࡿࠋࡲࡓࠊ๓㏙ࡢῶ⾶ຊኚ఩㛵ಀࡢ┤⥺㏆ఝ࡟ࡼࡾࠊCASE D3b
ࡣ CASE D3c࡜ྠ➼ࡢ CASE࡜ࡋ࡚ᢅࢃࢀࡿࠋ
4.4 㛢ᙧゎ㸦㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ ࢖ࣥࣃࣝࢫࡀస⏝㸧 
ḟ࡟ࠊ㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿሙྜ࡟
ࡘ࠸࡚᭱኱ኚ఩ࡢ㛢ᙧ⾲⌧ࢆᑟฟࡍࡿࠋࡇࡢ࡜ࡁࠊCASE D3 ࡣࠊ




➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿሙྜࠊ4.3⠇࡛♧ࡋࡓ CASE D3bࡣ⏕ࡌ
࡞࠸ࠋᚑࡗ࡚ࠊ᝿ᐃࡍࡿ CASEࡣィ 12࡜࡞ࡿࠋ 
ྛ CASEࡢ᚟ඖຊ-ኚ఩㛵ಀࢆ Fig.8࡟ࠊῶ⾶ຊ-ኚ఩㛵ಀࢆ Fig.9
࡟♧ࡍࠋ➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡣ 4.3⠇࡟࡚ᑟฟ῭ࡳ࡛
࠶ࡿࠋࡋ࠿ࡋࠊ㏿ᗘ᭱኱ࡢࢱ࢖࣑ࣥࢢ࡛➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡍࡿ
ሙྜࠊ4.3⠇ࡢࡼ࠺࡟➨ 1࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max1u ࡜ࡢ㢮ఝᛶ
ࢆ฼⏝ࡋ࡚➨ 2 ࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࢆồࡵࡿࡇ࡜ࡣ࡛ࡁ
࡞࠸ࠋᚑࡗ࡚ࠊᮏ⠇࡛ࡣ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࠊཬࡧ
➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡢᑟฟ᪉ἲࢆ♧ࡍࠋ 
4.4.1 CASE R1 ࠿ࡘ CASE D2 , D3a, D3cࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊࡀ⥺ᙧࠊῶ⾶ຊࡀ㠀⥺ᙧ࡛࠶ࡾࠊ➨㸯࢖ࣥࣃ
ࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞 1 0pu  ࡢሙྜ࡛࠶ࡿࠋῶ⾶ຊࡀ⥺ᙧࡢሙྜ
(CASE D1)ࡣࡇࢀࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࡓࡵࠊࡇࡇ࡛ࡣඛ࡟
ῶ⾶ࡀ㠀⥺ᙧࡢሙྜ࡟ࡘ࠸࡚⪃࠼ࡿࠋ 




 0(0) 0 , (0) , ( ) , ( ) , ( ) 0m m m m m
mu cu ku
u u V u t u u t v u t
   ­®        ¯
 (33)
 (1) 2m2 ,m m m mu hv v v a V  {   (34) 
ࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜௨ୗࡢ 






(0) , (0) 0 , ( ) , ( ) , ( ) 0m m m m m
mu cu ku
u u u u t u u t v u t
   ­®        ¯
 (35)
 (2)m max12 ,m m m mu hv v v a u  {   (36) 
୍᪉ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱ῶ⾶ຊࡀ᪤࡟࣮ࣜࣜࣇⲴ㔜࡟
㐩ࡋ࡚࠸ࡿሙྜ(CASE D3c)ࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv
ࡣࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㠀⥺ᙧ㒊ศࢆ 4.3⠇࡜ྠᵝ࡟ᴃ෇࡛㏆ఝࡍࡿ
ࡇ࡜࡟ࡼࡾ㏆ఝⓗ࡟ᚓࡽࢀࡿࠋᴃ෇࡜┤⥺ D DRf cV ࡢ஺Ⅼࡢ uᗙᶆ





(0) ' , (0) , ( ) , ( ) , ( ) 0
DR
DR DR m m m m m
mu cV ku
u u u V u t u u t v u t
   ­®        ¯
(37) 
  2 212 , ' 2m DR m DR DRDRu hV v u hV V      (38)
ࡇࢀ࡟ᘧ(17)ࢆ௦ධࡍࡿ࡜ḟᘧࡀᚓࡽࢀࡿࠋ 
    ^ `2(3) 2 2 22max1 max12 1 2 /m m DR DR DRm m mv v h a u V ha u V a V{         (39)
ḟ࡟ࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࢆᑟฟࡍࡿࠋ 
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(a) CASE R1        (b) CASE R2        (c) CASE R3 
Fig.8 Restoring force-deformation relation 














(a) CASE D1              (b) CASE D2 









(c) CASE D3a              (d) CASE D3c 
Fig.9 Damping force-deformation relation 
(2nd impulse timing: Velocity is maximum)㻌



















max1u   (1)maxu V   (2)maxu V 
cv  (1)cv  (2)cv  (3)cv 




max1u   (1)maxu V   (2)maxu V 
cv  (1)cv  (2)cv  (3)cv 




max1u   (3)maxu V   (4)maxu V 
cv  (4)cv  (5)cv 
max2u   (3)max 1c pu V v u    (4)max 1c pu V v u  
 
⾶ຊࡀึࡵ࡚࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿ᫬ࡢኚ఩ 2DRu ࡣࠊⅬ ( , )m DRu cV -
Ⅼ 2( ,c )DR DRu V 㛫ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮๎࡟ࡼࡾࠊḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
    2 2 2 2 2 20.5 0.5 0.5 0.5m m DR DR DR DR mm V v ku mV ku cV u u       (40) 
    2222 (4 1) 4 2DR DR m m m DR DRu h V V v u u hV hV         (41) 
ࡲࡓࠊ4.3 ⠇࡜ྠᵝ࡟ࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㠀⥺ᙧ㒊ศࢆࠊⅬ
max2( ,0)u ࢆ㡬Ⅼ࡜ࡋ࡚Ⅼ 2( , )DR DRu cV ࢆ㏻ࡿ 2 ḟ㛵ᩘ࡛㏆ఝࡍࡿ࡜ࠊ
➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩࡟㐩ࡍࡿࡲ࡛࡟ῶ⾶ຊࡀ࡞
ࡍ௙஦ 2DE ࡣḟᘧ࡜࡞ࡿࠋ 
 
2 max2 m 2(2 3 ) / 3D DR DRE cV u u u    (42) 
ࡇࢀࢆ⏝࠸ࡿ࡜ࠊⅬ ( , )m DRu cV -Ⅼ max2( ,0)u 㛫ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮๎
ࡼࡾࠊ max 2u ࡣḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 







(16 / 9) (4 / 3)
4 (4 / 3)
DR DR DR m
m m DR DR
u h V hV u V v
u u hV hV
    
  
 (44) 
ࡇࢀ࡟ࠊ 2DRu ࡜ࡋ࡚ᘧ(41)ࠊ mu ࡜ࡋ࡚ CASE D2,D3a ࡢሙྜࡣ
2m mu hv ࠊCASE D3c ࡢሙྜࡣ 2m DRu hV ࢆ௦ධࡍࡿࡇ࡜࡛ḟᘧ
ࡀᚓࡽࢀࡿࠋ 
㸦CASE D2 , D3aࡢሙྜ㸧 
     




(4 / 3) (4 1) 4 2
(40 / 9) 4 2 (4 / 3)
DR DR m m m DR
DR m m m DR DR
u V u hV h V V v h v v V
h V V v h v v V hV
­{       ®¯
     
 (45) 
㸦CASE D3cࡢሙྜ㸧 
      2 2(7) 2 22max max2 4 4 49 3 3DR DR m DR m DRu V u h V hV V v V V v hV{         (46) 
4.4.2 CASE R1 ࠿ࡘ CASE D1ࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊ࡜ῶ⾶ຊࡀ࡜ࡶ࡟⥺ᙧࡢሙྜ࡛࠶ࡾࠊ4.4.1
⠇ࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࠋ 
ࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࡣᘧ(34)࡛⾲ࡉࢀ
ࡿࠋࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡣࠊ4.3.2⠇࡜ྠᵝࡢ
⪃࠼᪉࡟ࡼࡾࠊᘧ(45)࡟࠾࠸࡚ DR mV V vo  ࡜ࡍࡿࡇ࡜࡛ᚓࡽࢀࡿࠋ 
        2(5) 2 2max max 2 16 4 41 49 3 3m m m mu V u V v h h v V v h V v§ ·{       ¨ ¸© ¹ (47) 
4.4.3 CASE R2 ࠿ࡘ CASE D2,D3a,D3cࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛ࠊ᚟ඖຊࠊῶ⾶ຊࡀ࡜ࡶ࡟㠀⥺ᙧ࡛࠶ࡾࠊ➨㸯࢖ࣥࣃ
ࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞 1 0pu  ࡢሙྜ࡛࠶ࡿࠋῶ⾶ຊࡀ⥺ᙧࡢሙྜ
(CASE D1)ࡣࡇࢀࢆ⡆␎໬ࡋࡓࡶࡢ࡟┦ᙜࡍࡿࡓࡵࠊࡇࡇ࡛ࡣඛ࡟
ῶ⾶ࡀ㠀⥺ᙧࡢሙྜ࡟ࡘ࠸࡚⪃࠼ࡿࠋࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస
⏝๓ࡢ᭱኱㏿ᗘ mv ࡣࠊCASE D2ࡢሙྜࡣᘧ(34)ࠊCASE D3aࡢሙ
ྜࡣᘧ(36)ࠊCASE D3cࡢሙྜࡣᘧ(39)࡛⾲ࡉࢀࡿࠋ 





ࡿࡼࡾࡶඛ࡟ῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿሙྜ 2( )DR yu d ࠊ 2DRu
ࡣᘧ(41)࡛⾲ࡉࢀࡿࠋ୍᪉ࠊῶ⾶ຊࡀ࣮ࣜࣜࣇⲴ㔜ࢆୗᅇࡿࡼࡾࡶ
ඛ࡟㝆అࡀ㉳ࡁࡿሙྜ 2( )y DRd u ࠊ 2DRu ࡣ࢚ࢿࣝࢠ࣮ᖹ⾮๎࡟ࡼࡾ
ḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
 
   
2 2 2 2
2 2
0.5 0.5 0.5 0.5m m DR y
y DR y DR DR m
m V v ku mV kd
kd u d cV u u
   
   
 (48)
   ^ `  2 22 0.5 1 4 / 1 2DR m DR m m DR DRu V v V u u hV hV         (49) 
ᘧ(41)࡜ᘧ(49)ࡢቃ⏺ࡣ 2DR yu d ࡜ࡍࡿࡇ࡜࡟ࡼࡾḟᘧ࡛⾲ࡉࢀࡿࠋ 
  21 4 4m DR DR m m DRV v hV V u u hV       (50) 
ࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩࡟㐩ࡍࡿࡲ࡛࡟ῶ
⾶ຊࡀ࡞ࡍ௙஦ࡣᘧ (42)࡛⾲ࡉࢀࡿࠋᚑࡗ࡚ࠊⅬ ( , )m DRu cV -Ⅼ
max2( ,0)u 㛫ࡢ࢚ࢿࣝࢠ࣮ᖹ⾮ᘧࡼࡾࠊ max2u ࡣḟᘧ࡜࡞ࡿࠋ 
    2 2 2 max2 20.5 0.5 0.5m m y y y Dm V v ku kd kd u d E       (51) 
 
   2 2
max2
3 3 4 3 4
6 8
m DR DR m m DR
DR
V v hV u u u hV
u
hV
    
    (52) 
ᘧ(50)ࠊᘧ(52)࡟ࠊ 2DRu ࡜ࡋ࡚ᘧ(41)ࡲࡓࡣᘧ(49)ࠊ mu ࡜ࡋ࡚ CASE 
D2,D3aࡢሙྜࡣ 2m mu hv ࠊCASE D3cࡢሙྜࡣ 2m DRu hV ࢆ௦ධ
ࡍࡿࡇ࡜࡛ḟᘧࡀᚓࡽࢀࡿࠋ 
㸦CASE D2 , D3aࡢሙྜ㸧 
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 (55) 
   223 1 4 4 1DR DRbV hV h V     (56) 
4.4.4 CASE R2 ࠿ࡘ CASE D1ࡢሙྜ 





ࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࡣᘧ(34)࡛⾲ࡉࢀ
ࡿࠋࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡣࠊ4.3.2⠇࡜ྠᵝࡢ
⪃࠼᪉࡟ࡼࡾࠊᘧ(53)ࡢ➨ 1 ᘧ࡟࠾࠸࡚ DR mV V vo  ࡜ࡍࡿࡇ࡜࡛
ḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
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u V u
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 (57) 
4.4.5 CASE R3ࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛᚟ඖຊࡀ㠀⥺ᙧ࡛࠶ࡾࠊ 1 0pu ! ࡢሙྜ࡛࠶ࡿࠋ 
ࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࡣࠊ4.3.3⠇࡜ྠ
ᵝࡢ⪃࠼᪉࡟ࡼࡾࠊᘧ(36)ࠊᘧ(39)࡟࠾࠸࡚ max1 1u  ࡜ࡍࡿࡇ࡜࡟ࡼ
ࡾࠊḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
㸦CASE D1 , D2 , D3aࡢሙྜ㸧 
 (4)m m mv v a{   (58) 
㸦CASE D3cࡢሙྜ㸧 
    ^ `2(5) 2 222 1 2 1 /m m DR DR DRm m mv v h a V ha V a V{        (59) 
ࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡟ࡘ࠸࡚ࡣࠊCASE D2, 
D3aࡢሙྜࡣᘧ(53)ࠊCASE D3cࡢሙྜࡣᘧ(55)ࠊCASE D1ࡢሙྜ
ࡣᘧ(57)࡟ᑐࡋ࡚ࠊ➨ 1࢖ࣥࣃࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞 1pu ࢆ⪃៖ࡋࠊ
max 2 max 2 1pu u uo  ࡜ࡍࡿࡇ࡜࡛ᚓࡽࢀࡿࠋ 
4.4.6 CASE㛫ࡢቃ⏺
Table 2࡟ྛ CASE࡟ᑐࡍࡿ max1 max 2, ,mu v u ࢆࡲ࡜ࡵ࡚♧ࡍࠋ᚟
ඖຊ≉ᛶ࡟ࡘ࠸࡚ࠊCASE R1࡜ CASE R2ࡢቃ⏺ࡣ max 2 1u  ࠊCASE 
R2࡜ CASE R3ࡢቃ⏺ࡣ max1 1u  ࡛࠶ࡿࠋ୍᪉ࠊῶ⾶ຊ≉ᛶ࡟ࡘ࠸
࡚ࡣࠊCASE D1࡜ CASE D2ࡢቃ⏺ࡣ m DRV v V  ࠊCASE D2࡜
CASE D3aࡢቃ⏺ࡣ DRV V ࠊCASE D3a࡜ CASE D3cࡢቃ⏺ࡣ




ධຊ㏿ᗘࣞ࣋ࣝ / yV V ࡟ᑐࡍࡿࠊࢲࣈࣝ࢖ࣥࣃࣝࢫධຊ࡟ࡼࡿ᭱
኱ኚ఩ࡢ㏆ఝゎ㸦Approximation㸧࡜ࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㏆ఝࢆ⏝
࠸࡞࠸᫬้Ṕᛂ⟅ゎᯒ࡟ࡼࡿゎᯒ⤖ᯝ㸦Time History Response  
Table 2 All Cases (2nd impulse timing: Velocity is maximum) 














max1u   (1)maxu V   (2)maxu V  
mv  (1)mv  (2)mv  (3)mv  




max1u   (1)maxu V   (3)maxu V  
mv  (1)mv  (2)mv  (3)mv  




max1u   (3)maxu V   (4)maxu V 
mv  (4)mv  (5)mv  
max2u   (8)max 1pu V u   (9)max 1pu V u    (10)max 1pu V u   
Analysis㸧࡟ࡘ࠸࡚ࠊ᭱኱ᛂ⟅್ࡢẚ㍑ࢆ Fig.10 ࡟ࠊῶ⾶ຊ-ኚ఩







ࡿࠋࡲࡓࠊNon-Reliefࡣ࣮ࣜࣜࣇ㏿ᗘẚ DRV of ࡜ࡋࡓሙྜࡢ᫬้
Ṕゎᯒ⤖ᯝࢆ⾲ࡍࠋFig.10 ࡟ࡣࠊධຊ㏿ᗘࣞ࣋ࣝ / yV V ࢆ 0.1 ้ࡳ
࡛₞ቑࡉࡏࡓ࡜ࡁ࡟⌧ࢀࡿ CASE␒ྕࢆྜࢃࡏ࡚♧ࡋ࡚࠸ࡿࠋ 
Fig.10ࡼࡾࠊ / 0.5,1.0DR yV V  ࡢሙྜ࡟ࡣࠊධຊࣞ࣋ࣝ / yV V ࢆቑ
኱ࡉࡏࡓ࡜ࡁ࡟ࠊῶ⾶ຊࡢ࣮ࣜࣜࣇⲴ㔜฿㐩ࡀ㝆అ࡟ඛ⾜ࡋ࡚⏕ࡌ
࡚࠾ࡾࠊ / 1.5DR yV V  ࡢሙྜ࡟ࡣࠊ㏫࡟㝆అ㛤ጞࡀῶ⾶ຊࡢ࣮ࣜࣜࣇ
Ⲵ㔜฿㐩࡟ඛ⾜ࡋ࡚⏕ࡌ࡚࠸ࡿࠋࡇࡢ࡜ࡁࠊ㝆అ㏿ᗘ yV ࡣ㠀ῶ⾶ 1
⮬⏤ᗘ⣔࡟ᑐࡋ࡚ᐃ⩏ࡉࢀࡓ್࡛࠶ࡿࡓࡵࠊ / 1.0DR yV V  ࡛࠶ࡗ࡚ࡶ
ῶ⾶ຊࡢ࣮ࣜࣜࣇⲴ㔜฿㐩࡜㝆అࡣྠ᫬࡟㉳ࡇࡽ࡞࠸ࡇ࡜࡟ὀពࡍ
ࡿࠋࡲࡓࠊ᫬้Ṕゎᯒ⤖ᯝࡼࡾࠊึᮇῶ⾶ᐃᩘ h ࡀ኱ࡁࡃ࣮ࣜࣜࣇ
㏿ᗘẚ /DR yV V ࡀᑠࡉ࠸࡯࡝ࠊ࣮ࣜࣜࣇᶵᵓࡢᙳ㡪ࡀᙉࡃ⌧ࢃࢀ࡚
࠸ࡿࡇ࡜ࡀศ࠿ࡿࠋ 






































































































































































(e) 0.15h  , / 1.5DR yV V          (f) 0.30h  , / 1.5DR yV V   
Fig.10 Comparison of maximum elastic-plastic deformation of 
model with nonlinear viscous damping under critical double impulse 
by approximation with that by time history response analysis 
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ࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࡣᘧ(34)࡛⾲ࡉࢀ
ࡿࠋࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡣࠊ4.3.2⠇࡜ྠᵝࡢ
⪃࠼᪉࡟ࡼࡾࠊᘧ(53)ࡢ➨ 1 ᘧ࡟࠾࠸࡚ DR mV V vo  ࡜ࡍࡿࡇ࡜࡛
ḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 








V v h v V v
u V u
h V v
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 (57) 
4.4.5 CASE R3ࡢሙྜ 
ࡇࢀࡣࠊ➨ 2 ࢖ࣥࣃࣝࢫࡀస⏝ࡋ࡚࠿ࡽ᭱኱ኚ఩ max 2u ࢆ㏄࠼ࡿ
ࡲ࡛ࡢ㐣⛬࡛᚟ඖຊࡀ㠀⥺ᙧ࡛࠶ࡾࠊ 1 0pu ! ࡢሙྜ࡛࠶ࡿࠋ 
ࡇࡢ࡜ࡁࠊ➨ 2࢖ࣥࣃࣝࢫస⏝๓ࡢ᭱኱㏿ᗘ mv ࡣࠊ4.3.3⠇࡜ྠ
ᵝࡢ⪃࠼᪉࡟ࡼࡾࠊᘧ(36)ࠊᘧ(39)࡟࠾࠸࡚ max1 1u  ࡜ࡍࡿࡇ࡜࡟ࡼ
ࡾࠊḟࡢࡼ࠺࡟ᚓࡽࢀࡿࠋ 
㸦CASE D1 , D2 , D3aࡢሙྜ㸧 
 (4)m m mv v a{   (58) 
㸦CASE D3cࡢሙྜ㸧 
    ^ `2(5) 2 222 1 2 1 /m m DR DR DRm m mv v h a V ha V a V{        (59) 
ࡲࡓࠊ➨ 2࢖ࣥࣃࣝࢫᚋࡢ᭱኱ኚ఩ max 2u ࡟ࡘ࠸࡚ࡣࠊCASE D2, 
D3aࡢሙྜࡣᘧ(53)ࠊCASE D3cࡢሙྜࡣᘧ(55)ࠊCASE D1ࡢሙྜ
ࡣᘧ(57)࡟ᑐࡋ࡚ࠊ➨ 1࢖ࣥࣃࣝࢫ࡟ࡼࡿረᛶኚᙧ㔞 1pu ࢆ⪃៖ࡋࠊ
max 2 max 2 1pu u uo  ࡜ࡍࡿࡇ࡜࡛ᚓࡽࢀࡿࠋ 
4.4.6 CASE㛫ࡢቃ⏺
Table 2࡟ྛ CASE࡟ᑐࡍࡿ max1 max 2, ,mu v u ࢆࡲ࡜ࡵ࡚♧ࡍࠋ᚟
ඖຊ≉ᛶ࡟ࡘ࠸࡚ࠊCASE R1࡜ CASE R2ࡢቃ⏺ࡣ max 2 1u  ࠊCASE 
R2࡜ CASE R3ࡢቃ⏺ࡣ max1 1u  ࡛࠶ࡿࠋ୍᪉ࠊῶ⾶ຊ≉ᛶ࡟ࡘ࠸
࡚ࡣࠊCASE D1࡜ CASE D2ࡢቃ⏺ࡣ m DRV v V  ࠊCASE D2࡜
CASE D3aࡢቃ⏺ࡣ DRV V ࠊCASE D3a࡜ CASE D3cࡢቃ⏺ࡣ




ධຊ㏿ᗘࣞ࣋ࣝ / yV V ࡟ᑐࡍࡿࠊࢲࣈࣝ࢖ࣥࣃࣝࢫධຊ࡟ࡼࡿ᭱
኱ኚ఩ࡢ㏆ఝゎ㸦Approximation㸧࡜ࠊῶ⾶ຊ-ኚ఩㛵ಀࡢ㏆ఝࢆ⏝
࠸࡞࠸᫬้Ṕᛂ⟅ゎᯒ࡟ࡼࡿゎᯒ⤖ᯝ㸦Time History Response  
Table 2 All Cases (2nd impulse timing: Velocity is maximum) 














max1u   (1)maxu V   (2)maxu V  
mv  (1)mv  (2)mv  (3)mv  




max1u   (1)maxu V   (3)maxu V  
mv  (1)mv  (2)mv  (3)mv  




max1u   (3)maxu V   (4)maxu V 
mv  (4)mv  (5)mv  
max2u   (8)max 1pu V u   (9)max 1pu V u    (10)max 1pu V u   
Analysis㸧࡟ࡘ࠸࡚ࠊ᭱኱ᛂ⟅್ࡢẚ㍑ࢆ Fig.10 ࡟ࠊῶ⾶ຊ-ኚ఩







ࡿࠋࡲࡓࠊNon-Reliefࡣ࣮ࣜࣜࣇ㏿ᗘẚ DRV of ࡜ࡋࡓሙྜࡢ᫬้
Ṕゎᯒ⤖ᯝࢆ⾲ࡍࠋFig.10 ࡟ࡣࠊධຊ㏿ᗘࣞ࣋ࣝ / yV V ࢆ 0.1 ้ࡳ
࡛₞ቑࡉࡏࡓ࡜ࡁ࡟⌧ࢀࡿ CASE␒ྕࢆྜࢃࡏ࡚♧ࡋ࡚࠸ࡿࠋ 
Fig.10ࡼࡾࠊ / 0.5,1.0DR yV V  ࡢሙྜ࡟ࡣࠊධຊࣞ࣋ࣝ / yV V ࢆቑ
኱ࡉࡏࡓ࡜ࡁ࡟ࠊῶ⾶ຊࡢ࣮ࣜࣜࣇⲴ㔜฿㐩ࡀ㝆అ࡟ඛ⾜ࡋ࡚⏕ࡌ
࡚࠾ࡾࠊ / 1.5DR yV V  ࡢሙྜ࡟ࡣࠊ㏫࡟㝆అ㛤ጞࡀῶ⾶ຊࡢ࣮ࣜࣜࣇ
Ⲵ㔜฿㐩࡟ඛ⾜ࡋ࡚⏕ࡌ࡚࠸ࡿࠋࡇࡢ࡜ࡁࠊ㝆అ㏿ᗘ yV ࡣ㠀ῶ⾶ 1
⮬⏤ᗘ⣔࡟ᑐࡋ࡚ᐃ⩏ࡉࢀࡓ್࡛࠶ࡿࡓࡵࠊ / 1.0DR yV V  ࡛࠶ࡗ࡚ࡶ
ῶ⾶ຊࡢ࣮ࣜࣜࣇⲴ㔜฿㐩࡜㝆అࡣྠ᫬࡟㉳ࡇࡽ࡞࠸ࡇ࡜࡟ὀពࡍ
ࡿࠋࡲࡓࠊ᫬้Ṕゎᯒ⤖ᯝࡼࡾࠊึᮇῶ⾶ᐃᩘ h ࡀ኱ࡁࡃ࣮ࣜࣜࣇ
㏿ᗘẚ /DR yV V ࡀᑠࡉ࠸࡯࡝ࠊ࣮ࣜࣜࣇᶵᵓࡢᙳ㡪ࡀᙉࡃ⌧ࢃࢀ࡚
࠸ࡿࡇ࡜ࡀศ࠿ࡿࠋ 






































































































































































(e) 0.15h  , / 1.5DR yV V          (f) 0.30h  , / 1.5DR yV V   
Fig.10 Comparison of maximum elastic-plastic deformation of 
model with nonlinear viscous damping under critical double impulse 
by approximation with that by time history response analysis 

Approximation(2nd impulse timing:Restoring force is 0)
Approximation(2nd impulse timing:Damping force is maximum)



























































(c) / 2.0yV V   (CASE R3-D3a)  (d) / 2.0yV V   (CASE R3-D3c) 
Fig.11 Comparison of elastic-plastic response under critical double 
impulse using approximation of damping force-deformation relation 
with that by time history response analysis  














Fig.12 ࡟ࠊධຊ㏿ᗘࣞ࣋ࣝ / yV V ࡟ᑐࡍࡿ᭱኱ኚ఩ࡢ㏆ఝゎ
㸦Approximation㸧࡜ࠊ➼౯ 1ࢧ࢖ࢡࣝṇᘻἼࢆධຊࡋࡓሙྜࡢ᫬
้Ṕᛂ⟅ゎᯒ࡟ࡼࡿゎᯒ⤖ᯝ㸦1-cycle sine wave㸧ࡢẚ㍑ࢆ♧ࡍࠋ
㏆ఝゎ࡟ࡘ࠸࡚ࡣ๓㏙ࡢ㏻ࡾࠊclosed-form A࡜ closed-form Bࡢ࠺
ࡕ኱ࡁ࠸᪉ࡢ್ࢆ⏝࠸࡚࠸ࡿࠋࡲࡓࠊ᫬้Ṕゎᯒ࡟࠾࠸࡚ࡣࠊ➼౯
1 ࢧ࢖ࢡࣝṇᘻἼࡢ࿘ᮇ 2 /p pT S Z (࢖ࣥࣃࣝࢫ᫬㛫㛫㝸 0t ࡢ 2 ಸ
࡟┦ᙜ)ࢆࠊᆅື᭱኱㏿ᗘ pV ୍ᐃ᮲௳࡛ࣃ࣓ࣛࢺࣜࢵࢡ࡟ኚືࡉࡏ
࡚᭱኱ኚ఩ࡀᴟ኱࡜࡞ࡿ᫬ࡢᛂ⟅ࢆ᥇⏝ࡋ࡚࠸ࡿࠋ 
Fig.12 ࡼࡾࠊධຊࣞ࣋ࣝ / yV V ࡀᑠࡉ࠸⠊ᅖ࡛ࡣࠊ࣮ࣜࣜࣇ㏿ᗘ
ẚ /DR yV V ࡢ್࡟ࡼࡽࡎ୧⪅ࡣ⢭ᗘࡼࡃ୍⮴ࡋ࡚࠸ࡿࡇ࡜ࡀศ࠿ࡿࠋ
୍᪉ࠊධຊࣞ࣋ࣝ / yV V ࡀቑ኱ࡍࡿ࡟ࡘࢀ࡚୧⪅ࡢᕪࡣ኱ࡁࡃ࡞ࡿ














































































   (c) 0.15h  , / 1.5DR yV V          (d) 0.30h  , / 1.5DR yV V   
Fig.12 Comparison of maximum elastic-plastic deformation of 
model with nonlinear viscous damping under critical double impulse 
(approximation) with that under equivalent one-cycle sine wave 
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WITH NONLINEAR VISCOUS DAMPING UNDER DOUBLE IMPULSE AS 
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After Parkfield earthquake (1966), San Fernando earthquake (1971), Northridge earthquake (1994) and Hyogoken-Nanbu earthquake 
(1995), many aspects of near-fault ground motions have been made clear and the effects of near-fault ground motions on structural 
response have been investigated. The fling-step (parallel to the fault plane) and forward-directivity (perpendicular to the 
fault plane) inputs have been characterized by two or three sinusoidal wavelets. For such near-fault ground motions, many 
analyses have been conducted from various viewpoints. However, as far as a forced base input is used, both a 
free-vibration term and a forced-vibration term arise inevitably and the closed-form expression of the elastic-plastic 
response may be difficult. In order to overcome this difficulty, the double impulse has been introduced by some of the 
present authors as a good substitute for the near-fault ground motion and the closed-form expression has been derived 
for the undamped elastic-plastic response and linearly damped elastic-plastic response of a structure under the critical 
double impulse.  Furthermore, this approach has been extended to other various vibration models, e.g. soil-structure 
interaction problems, dynamic collapse problems, repeated ground motion problems, overturning rocking problems of 
rigid blocks. 
The double impulse input is introduced here again as a substitute for the fling-step near-fault ground motion and 
some closed-form expressions are derived for the elastic-plastic response of a structure with nonlinear viscous damping 
under the ‘critical double impulse’. It is shown that, since only the free vibration appears under such double impulse, 
the energy approach enables the derivation of the closed-form expression of a complicated elastic-plastic response with 
nonlinear viscous damping. It is also shown that the critical timing of the second impulse is the time with the zero 
restoring force in the case where the input velocity is small.  On the other hand, the critical timing of the second 
impulse is the time with the maximum velocity in the case where the input velocity is large. The quadratic-function or 
elliptical-function approximation for the damping force-deformation relationship is introduced. The combination of the 
timings of the structural yielding and the damper relieving is considered in detail and the closed-form expressions are 
derived for all the combinational cases. 
The validity of the proposed theory using the quadratic-function or elliptical-function approximation and the 
assumption of the critical impulse timing has been investigated through the comparison with the critical elastic-plastic 
response under double impulse using the time history response analysis. The validity of the proposed closed-form solution 
has also been demonstrated through the comparison with the response analysis to the corresponding one-cycle sinusoidal input as a 
representative of the fling-step near-fault ground motion. It has been demonstrated that the maximum response to the critical double 
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